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Zinc-air batteryAbstract Tapioca was used as a binder for porous Zn anodes in an electrochemical zinc-air (Zn-
air) battery system. The tapioca binder concentrations varied to ﬁnd the optimum composition. The
effect of the discharge rate at 100 mA on the constant current, current–potential and current den-
sity–power density of the Zn-air battery was measured and analyzed. At concentrations of 60–
80 mg cm3, the tapioca binder exhibited the optimum discharge capability, with a speciﬁc capacity
of approximately 500 mA h g1 and a power density of 17 mW cm2. A morphological analysis
proved that at this concentration, the binder is able to provide excellent binding between the Zn
powders. Moreover, the structure of Zn as the active material was not affected by the addition
of tapioca as the binder, as shown by the X-ray diffraction analysis. Furthermore, the conversion
of Zn into ZnO represents the full utilization of the active material, which is a good indication that
tapioca can be used as the binder.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Tapioca is a common plant that can be found in almost every
tropical country. Its biodegradable starch is an important
source of carbohydrates (Atichokudomchai and Varavinit,
2003; Blagbrough et al., 2010; Breuninger et al., 2009). In gen-
eral, the starch of tapioca is made up of two major macromo-
lecular components, which can be identiﬁed as amylose andamylopectin (Breuninger et al., 2009; Chung and Liu, 2009;
Pe´rez et al., 2009). Amylose is a linear component polymer that
is primarily composed of (1ﬁ 4)-linked a-glucan (Fig. 1a).
The degree of polymerization of this polymer can be as high
as 600. In tapioca starch, the amylose content can vary from
17% to 20%. Alternatively, amylopectin is the major compo-
nent of tapioca starch (Fig. 1b). This polymer is made up of
a(1ﬁ 4)–linked a-glucan with an a-(1ﬁ 6) branch point.
Amylopectin is signiﬁcantly different than amylose because
amylopectin contains approximately 5% branch points
(Chung and Liu, 2009; Pe´rez et al., 2009).
When tapioca starch is heated in excess water, an irrevers-
ible structure transition takes place, which is known as starch
gelatinization or pasting. The granules of tapioca starch lose
their birefringence and crystallinity as more water is absorbed.
Upon cooling, tapioca starch experiences an increase in
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Figure 1 Molecular structure of the starch components (a) amylose and (b) amylopectin.
218 M.N. Masri et al.viscosity, and some loss of clarity can be seen before a weak gel
or ﬁlm is formed. The reassociation of the amylose molecules
in the aqueous system is attributed to these changes. This
gel-forming process is known as retrogradation (Biliaderis
et al., 2009; Breuninger et al., 2009).
In recent advances in zinc-air (Zn-air) batteries, porous an-
odes made of powders of Zn have started to be utilized, rather
than planar Zn anodes, which results in a higher effective sur-
face area. Surface area is one of the major factors that governs
anode mass utilization and thus affects the speciﬁc energy den-
sity produced from an electrochemical power source. A higher
surface area per unit volume for a given amount of active
material reduces the current density and leads to an increase
in the electrode rate capability and active material utilization.
To bind the powders of the active material and prevent them
from disintegrating, various types of gels or binders have been
used, such as polytetraﬂuoroethylene (Lee et al., 2006; Mu¨ller
et al., 1998), Carbopol gel (Yang and Lin, 2002; Wu et al.,
2006) and sago (Masri and Mohamad, 2009).
Because tapioca can be dissolved in water without any addi-
tional materials that could degrade the properties of pure Zn, it
is suitable for producing a porous anode. To the best of our knowl-
edge, detailed studies concerning the application of tapioca starch
as a binder for porousZn anodes have yet to be reported. Thus, the
aim of this workwas to fabricate an electrochemical Zn-air battery
by employing tapioca as the binder for the porousZn anode and to
determine the optimum composition of the tapioca binder. Mor-
phological and phase identiﬁcation studies of the porous anode
were used to support the ﬁndings.
2. Experimental
2.1. Preparation of the tapioca binder and porous zinc anode
Tapioca powder (THC Sdn. Bhd., Penang) (1.5, 2.0, 2.5 and
3.0 g) was mixed with 25 ml of deionized water and stirredfor 10 min. Then, 3.0 ml of 0.1 M hydrochloric acid was added
to the solution, and it was stirred for another 10 min. Next,
2.0 ml of glycerol was added to the solution, which was stirred
and heated at 90 C until a clear solution was obtained. In this
state, the acidity of the mixture was balanced with sodium
hydroxide. Lastly, 4 ml of the 60, 80, 100 and 120 mg cm3
mixture was mixed with 4 g of zinc powder (Zn, Merck) and
gelatinized at room temperature. The weight ratio of Zn and
binder was 1:1. Then, the anode paste was cast onto a nick-
el-plated mesh that had been snugly ﬁtted to a plastic casing
and then dried at room temperature. The porous Zn anode
was stored in a dry cabinet prior to being evaluated.
2.2. Fabrication and characterization of the zinc-air battery
The sago gel electrolyte used in the current work was com-
posed of 6 M KOH (KOH, Merck) and sago powder. The sago
gel solution was prepared by dissolving 2.0 g of natural sago
with 6 M KOH solutions. Details of the preparation of the
sago gel electrolyte were reported elsewhere (Masri et al.,
2010; Jamaludin et al., 2010).
The air–cathode electrode was purchased from MEET Co.,
Ltd, Korea. The details of the fabrication of the battery were re-
ported in a previous article (Masri and Mohamad, 2009, 2013).
The electrochemical characterizations of the Zn-air batteries were
performed at a constant current of 100 mA (or 7.9 mA cm2 with
respect to the Zn anode area) at room temperature using an AR-
BIN Instrument BT2000 Battery Testing System.
2.3. Characterizations of the porous anodes
The porous Zn anodes were characterized using a ﬁeld-emis-
sion scanning electron microscope (FESEM) and X-ray dif-
fraction (XRD). The FESEM micrographs were recorded
using a Zeiss SUPRA 35 VP, and the XRD measurements
were taken using a Bruker AXS D9.
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3.1. Batteries’ characterization
The discharge proﬁles of the Zn-air batteries employing various
concentrations of the tapioca binder in the porous Zn anode at
100 mA are shown in Fig. 2a. Generally, these discharge proﬁles
are almost similar to typical discharge proﬁles for Zn-air batter-
ies using a compact Zn-plate as the electrode (Hamlen and
Atwater, 2002). This shows an early indication that tapioca bin-
der is able to tether the Zn powder nicely and to provide excel-
lent contact between the electrode and the electrolyte without
altering the nature of Zn as the active material. It is clear that
a relatively ﬂat voltage plateau was formed throughout most
of the discharge proﬁle before a sudden decrease in the potential
took place as a sign of the end of the discharge process.
The nominal voltages remain at an average of 1.047 V for
each of the concentrations. Fig. 2b shows the battery employ-
ing 80 mg cm3 of the tapioca binder displays the highest spe-
ciﬁc capacity of 501 mAh g1. At concentration of 60 mg cm3
the battery has the second highest speciﬁc capacity of
482 mAh g1. This is followed by the batteries employing
100 and 120 mg cm3, which have speciﬁc capacities of 452(a)
(b)
Figure 2 (a) Discharge proﬁles of the Zn-air batteries containing vario
120 mg cm3. (b) Effect of tapioca concentration on speciﬁc capacity.and 425 mAh g1, respectively. An improvement at approxi-
mately 10% of the speciﬁc capacity at the optimum concentra-
tion of 80 mg cm3 of the tapioca binder was observed in
comparison with a Zn-air battery employing agar as the natu-
ral binder, which produced a speciﬁc capacity of 459–
556 mAh g1 (Masri and Mohamad, 2009, 2013).
Fig. 3 summarizes the current–potential (I–V) and current
density–power density (J–P) plots for Zn-air batteries contain-
ing dissimilar concentrations of tapioca binder. In general, the
I–V curves are linear for all of the concentrations of the tapi-
oca binder for the Zn-air batteries (Fig. 3a). This indicates that
the Ohmic contribution plays the most signiﬁcant role in the
polarization process of the electrode. In addition, the operat-
ing voltage decreased from 1.4 to 0 V in accordance with
the increase of current from 0 to 920 mA. At a concentration
of 60 mg cm3 of tapioca, the internal resistance (r) recorded
for the battery was 1.34 X. A slight dip in r was obtained at
1.32 X with further additions of binder to 80 mg cm3. How-
ever, the r values were then increased to 1.48 and 2.58 X when
the concentrations of tapioca changed to 100 and
120 mg cm3, respectively.
The maximum power density (pmax) was achieved for the
concentration of 80 mg cm3 of the tapioca binder in theus concentrations of tapioca binder: (i) 60, (ii) 80, (iii) 100 and (iv)
(a)
(b)
Figure 3 The plots of (a) the current–potential and (b) the current density–power density for a Zn-air battery employing tapioca in the
porous Zn anode.
220 M.N. Masri et al.Zn-air battery (17 mW cm2) and was closely followed by the
cell incorporating 60 mg cm3 of binder with a pmax of
16 mW cm2, as shown in Fig. 3b. A slight reduction of pmax
can be seen for 100 mg cm3 of binder (15 mW cm2), while
the pmax signiﬁcantly dropped to 8 mW cm
2 for 120 mg cm3
of binder. Hence, the results obtained from both plots validate
the result obtained in the discharge analysis in which a 60–
80 mg cm3 tapioca binder concentration gives the optimum
electrochemical characteristics for the Zn-air battery.
3.2. Morphological studies
Fig. 4 shows the FESEM micrographs of the porous Zn anode
before it was subjected to the discharge process. To see the
pure tapioca binder in the form of a ﬁlm, a tapioca solution
was dried to produce a ﬁlm. Pure tapioca binder possesses a
porous and smooth surface morphology (Fig. 4a). Meanwhile,
for the tapioca binder applied as a binder, it can be observed
that the tapioca binder was able to keep Zn powder from dis-
integrating, with parts of the granules encapsulated andshielded by the binder. The tapioca binder with the concentra-
tion of 60 mg cm3 possessed the least viscous properties for
the slurry physical condition. The less viscous tapioca solution
was unable to provide strong adherence to the powder when it
was dried. This caused the Zn powder to be loosely bonded,
and the powder hardly adhered to itself (Fig. 4b).
However, better contact between Zn powders was seen as
the concentration of binder increased to 80 mg cm3
(Fig. 4c). At this composition, it is clear that the tapioca binder
was able to bind a portion of the Zn powder and to make an-
other portion available for electrochemical reactions. As a re-
sult, the binder gives the anode an excellent binding and
discharge capability. The increase in the concentration up to
100 and 120 mg cm3 led to almost total encapsulation of
the Zn powders by the binder (Fig. 4d and e). In addition,
the rigidity of the binders was also increased as the concentra-
tions increased. The thick and total encapsulation of the bin-
der hindered the ability of the OH ions from the KOH
electrolyte to react with the active material. The low electro-
chemical reaction potential was proven by the discharge
Zinc 
(b) (a) 
(c) (d) 
(e) 
Binder
Figure 4 FESEMmicrographs of the porous Zn anode before discharge: (a) pure tapioca ﬁlm, (b) 60, (c) 80, (d) 100 and (e) 120 mg cm3
of tapioca in the porous Zn anode.
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lower than the others.
Fig. 5 shows the porous Zn anode at different tapioca bin-
der concentrations after being discharged at 100 mA. A needle-
like structure can be seen for the porous Zn anode utilizing
60 mg cm3 of the tapioca binder (Fig. 5a). Nonetheless, the
growth directions and distributions of the needles are inhomo-
geneous. In the case of 80 mg cm3 binder incorporation, the
full-grown needle-like structures seen were highly dense, long
and coarse (Fig. 5b). Compared with the 60 mg cm3 binder,
this composition shows greater uniformity. These needle-like
structures are possibly ZnO. The overall electrochemical reac-
tions that govern the transformation of Zn into ZnO are as fol-
lows (Mohamad, 2006):
Znþ 2OH ! ZnOþH2Oþ 2e ð1Þ
Znþ 4OH ! ZnðOHÞ24 þ 2e ðdissolutionÞ ð2Þ
Based on the reaction, it can be understood that the OH ions
that formed near the cathode resulted from the electrochemical
reaction of oxygen and water, and the randomized tips with
accumulated OH reacted with the Zn powder. This allowed
Zn to oxidize and produce ZnO, or in excess liquid electrolyte,
it was transformed into a soluble complex zincate ion of
Zn(OH)4
2 during discharge.
Conversely, ﬁne, small, needle-like structures were observed
with increases in the tapioca binder concentrations to 100 and120 mg cm3 (Fig. 5c and d). Furthermore, the formation of
these ﬁne structures indicates that the formation of full-grown
needles has yet to be achieved. In addition, the growth stage on
the surface was only at the initial stage of transformation from
Zn into ZnO. This also proves that the OH ions were unable
to reach and react with Zn. As the results, theses drawbacks
contribute to the less discharge capabilities for 100 and
120 mg cm3 of binder.
3.3. Structural analysis
An XRD analysis was performed to further investigate the for-
mation of the needle-like structures. As control samples, Fig. 6
portrays the XRD patterns for pure Zn powder, tapioca pow-
der and dried tapioca ﬁlm. The pure Zn shows various peaks at
2h= 36.3, 39.0, 43.2, 54.3, 70.1, 70.7, 82.1 and 86.5, as ex-
pected, which matched with the JCPDS ﬁle (4–0831). Almost
a ﬂat line can be observed for tapioca materials when referred
to a highly crystalline Zn metal. In nature starch materials are
semi-crystalline (Leong et al., 2007; Karim et al., 2008).
Fig. 7 demonstrates the XRD patterns of the as-fabricated
porous Zn anodes at different concentrations of tapioca bin-
der. The peaks observed correspond to the planes of (002),
(100), (101), (102), (103), (110), (112) and (201), respec-
tively. The peaks obtained remain unchanged compared with
the XRD pattern for pure Zn (Fig. 6c). Furthermore, the
XRD patterns of the porous anodes strikingly resemble each
Figure 5 FESEM micrographs of the porous Zn anode after discharge at 100 mA: (a) pure tapioca ﬁlm, (b) 60, (c) 80, (d) 100 and (e)
120 mg cm3 of tapioca in the porous Zn anode.
Figure 6 XRD diffractograms of (a) tapioca powder, (b) tapioca ﬁlm and (c) pure Zn.
222 M.N. Masri et al.other, regardless of the amount of tapioca binder used. This
proves that the addition of tapioca as the binder to avoid
the degradation of the Zn powder does not change the struc-
ture of the active materials.
After being discharged, the XRD peaks at 2h= 31.8, 34.4,
36.2, 47.5, 56.6, 62.9 and 67.9 for all compositions agree with
ZnO of JCPDS ﬁle (5–0664) at the corresponding planes of
(100), (002), (101), (102), (110), (103) and (112), respec-
tively (Fig. 8). This conﬁrmed that the needle-like structures
formed after the discharge process is ZnO. The result obtained
is in accordance with the results of previous studies (Masri andMohamad, 2009, 2013). The existence of ZnO contributed to
the failure of the Zn anode to operate properly by blocking
further reactions of Zn with OH ions. This consequently lim-
its the discharge time of the battery.
In addition, it can also be observed that the most pro-
nounced and signiﬁcant peak with the highest intensity was ob-
tained by the anode with the 80 mg cm3 binder, followed by
60, 100 and ﬁnally 120 mg cm3. This agreed with the results
obtained from discharge and FESEM analyses that showed
that 60–80 mg cm3 yielded the highest discharge capacity
and produced the fully grown ZnO needle-like structure,
Figure 7 XRD diffractograms of the porous Zn anode containing various concentrations of tapioca binder: (a) 60, (b) 80, (c) 100 and (d)
120 mg cm3 before discharge characterization.
Figure 8 XRD diffractograms of the porous Zn anode containing various concentrations of tapioca binder: (a) 60, (b) 80, (c) 100 and (d)
120 mg cm3 after discharge at 100 mA.
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obtained was well crystallized. Since enough OH ions were
supplied by the KOH electrolyte, contributing to the ability of
the needle-like ZnO to achieve full growth after the ions reacted
with the porous Zn as the active material. This typical ZnO pat-
tern also showed no sign of additional structural deposition of
tapioca, as is the case for the anode using a Zn plate (Yap
et al., 2009; Tan and Mohamad, 2010; Mohamad, 2006).
4. Conclusion
In conclusion, it was found that the Zn-air battery employing
tapioca binder in a porous Zn anode exhibited promising dis-
charge, I–V and J–P characteristics. Furthermore, the speciﬁccapacity of 500 mAh g1 can be produced by the Zn-air bat-
tery utilizing tapioca binder in the fabrication of anode. In
addition, FESEM analysis revealed that excellent adhesion
of the Zn powder was obtained with tapioca as the binder.
Moreover, no structural alteration of Zn as the active material
was seen with the addition of tapioca binder for any of the
concentrations. Thus, it was proven that tapioca can be used
as a binder to produce porous Zn anodes.Acknowledgements
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